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For the pion electroproduction, ( e(pe)+N(pN) → e′(p′e)+π(k)+N(p′N)), the differential
cross section is conventionally written as
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, (1)
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Here, we have defined α = e2/4π = 1/137 and the effective photon energy in the laboratory
system and ǫ are given as
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where θe is the angle between the outgoing and incoming electrons, and mN is the nucleon
mass and qL is momentum transfer in the laboratory system.

The differential cross section dσv/dΩπ in Eq. (1) is defined in final πN center of mass
frame with the following coordinate system:
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ŷ =
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x̂ = ŷ × ẑ (7)

We then have the following expression:
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where he is the helicity of the incoming electron, φπ is the pion angle measured from the
e− e′ scattering plane of electron, and
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Here q is the momentum transfer to the initial nucleon and k is the pion momentum in the
center of mass system of the final πN state:
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, (14)
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and
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Here ω and qγ are the energy transfer and the effective photon energy in the center of mass
system. Integrating pion angles, Eqs.(1) and (8) lead to
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where
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In the coordinate system defined by Eqs.(5)-(7), the pion momentum k is on the x − z
plane. We thus can defne

k̂ = k/|k| = cos θẑ + sin θx̂ , (20)

where θ is the angle between the outgoing pion and the virtual photon. The quantities F ij

with i, j = x, y, 0 in Eqs. (9)-(13) are defined as
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∗ , (21)

where ms is the z-component of the nucleon spin, and F i is defined by the Chew-Goldberger-
Low-Nambu (CGLN) amplitude FCGLN = Fµǫµ.

The CGLN amplitude can be expressed in terms of Pauli operator σ, q̂, k̂ and the photon
polarization vector ǫµ = (ǫ0, ǫ)

Fµǫµ = −(iσ · ǫ⊥F1 + σ · k̂σ · q̂ × ǫ⊥F2 + iσ · q̂k̂ · ǫ⊥F3 + iσ · k̂k̂ · ǫ⊥F4

+iσ · q̂q̂ · ǫF5 + iσ · k̂q̂ · ǫF6) + iσ · k̂ǫ0F7 + iσ · q̂ǫ0F8 , (22)
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where ǫ⊥ = q̂ × (ǫ × q̂). By using Eq.(20) and choosing ǫµ = (ǫ0, ǫ) =
(0, 1, 0, 0), (0, 0, 1, 0), (1, 0, 0, 0) to evaluate Eq.(22), we then have

Fx = iσx(F1 − cos θF2 + sin2 θF4 + iσz sin θ(F2 + F3 + cos θF4) , (23)

Fy = iσy(F1 − cos θF2)− sin θF2 , (24)

F0 = iσz(cos θF7 + F8) + iσy sin θF7 . (25)

The amplitudes Fi are calculated from the multipole amplitudes El±,Ml±, Sl± and Ll± of
the γ∗ +N → πN process :
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F8 =
∑

l

[(l + 1)P ′
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where x = q̂ · k̂, PL(x) is the Legendre function, P ′

L(x) = dPL(x)/dx and P ′′

L(x) =
d2PL(x)/d

2x. For the photo-production process γN → πN , the differential cross section
is dσT/dΩπ with Q2 = 0.

The ANL-Osaka multipole amplitudes El±(Q
2,W ), Ml±(Q

2,W ), and Ll±(Q
2,W ) for

W = 1080− 2000 MeV and Q2 = 0− 3 (GeV/c)2 are presented on the webpage.
‘
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